A cDNA encoding tomato fruit lectin was cloned from an unripe cherry-tomato fruit cDNA library. The isolated lectin cDNA contained an open reading frame encoding 365 amino acids, including peptides that were sequenced. The deduced sequence consisted of three distinct domains: (i) an N-terminal short extensin-like domain; (ii) a Cys-rich carbohydrate binding domain composed of four almost identical chitin-binding domains; (iii) an internal extensin-like domain of 101 residues containing 15 SerPro 4 motifs inserted between the first and second chitin-binding domains. The molecular weight of the lectin was 65,633 and that of the deglycosylated lectin was 32,948, as determined by matrix-assisted laser desorption/ionization-time-offlight mass spectrometry (MALDI-TOF MS). This correlated with the estimated molecular weight of the deduced sequence. Recombinant tomato lectin expressed in Pichia pastoris possessed chitin-binding but not hemagglutinating activity. These findings confirmed that the cDNA encoded tomato lectin.
Tomato (Solanum lycopersicum, formerly Lycopersicon esculentum) lectin is a chitin-binding protein present mainly in the locular fluid of the fruit. [1] [2] [3] [4] [5] Lectin in ripe fruit contributes from 0.3 to 4% of total protein depending on the cultivar used for purification. Tomato lectin has been used to analyze structural changes in sugar chains during oncogenesis.
6) It is also used for histochemical analysis, and has been studied as a tool for drug delivery to the gastrointestinal tract. 7, 8) Despite its importance in glycobiology, little is known about the physiological roles of tomato lectin. The role of chitin-binding lectins is thought to be plant defense, since several of them show antifungal or insecticidal activities, 9) but tomato lectin has no demonstrated activity against either insects 10) or fungi. 11) Previous study has examined the function of tomato lectin through the analysis of sugar chain-binding specificity toward N-glycans produced by plants. 12) To elucidate the physiological role of tomato lectin, investigation of the molecular basis for the ligand-binding mechanisms is essential, but cDNA of tomato lectin had not been isolated and its molecular structure remains unknown.
Tomato lectin is a glycoprotein composed of 50% carbohydrate, mainly arabinose and galactose. The abundant amino acids are hydroxyproline, cysteine, serine, and glycine. 1, 4, 5) Tomato lectin and potato (Solanum tuberosum) tuber lectin have been reported to be chimeric proteins comprised of at least two domains, a Cys-rich chitin-binding domain and a Hyp-rich glycoprotein (HRGP) domain resembling the cell-wall glycoprotein extensin. 5, [13] [14] [15] The chitin-binding domain is a common structural motif of 30-43 amino acids, with several cysteines and glycines at conserved positions. 9) Many plant chitin-binding lectins are known to consist of multiple chitin-binding domains. For example, Urtica dioica agglutinin (UDA) consists of two 16) and wheat germ agglutinin (WGA) consists of four 17) tandem arrayed chitin-binding domains. These findings suggest y To whom correspondence should be addressed. Tel: +81-152-48-3886; Fax: +81-152-48-2940; E-mail: s-oguri@bioindustry.nodai.ac.jp Abbreviations: EST, expressed sequence tag; TFMS, trifluoromethanesulfonic acid; WGA, wheat germ agglutinin; UDA, Urtica dioica agglutinin; CBD, chitin-binding domain; ELD, extensin-like domain; Hyp, hydroxyproline; MALDI-TOF MS, matrix-assisted laser desorption/ionization-timeof-flight mass spectrometry that Solanaceae lectins evolved as a result of gene fusion of the chitin-binding and HRGP domains. The accurate molecular weight and subunit construction of tomato lectin are still unclear. The molecular weight of native tomato lectin was estimated to be 71,000 by sedimentation equilibrium centrifugation. 1) However, by SDS-PAGE using homogeneous gel, tomato lectin migrated as a single band with an apparent molecular weight of 110,000-138,000. [3] [4] [5] On the other hand, the apparent M r of tomato lectin was estimated to be 68,000 and that of deglycosylated lectin to be 45,000 by SDS-PAGE using a gradient gel.
18) The discrepancy in estimated molecular weight may result from the characteristics of the highly glycosylated extensin-like domain contained in tomato lectin. It is known that rod-like extensin molecules behave anomalously on SDS-PAGE and by gel filtration as compared with normal globular proteins. 19) These unusual characteristics give rise to difficulties in analyzing the structure of tomato lectin.
In an effort to understand the structure of tomato lectin, the N-terminal and internal sequences of the lectin were previously determined by Naito et al. and compared to those from a tomato 42-kDa lectin-related protein.
5)
Based on partial sequence analysis, we have proposed a molecular model of tomato lectin composed of three unrelated domains: an N-terminal extensin-like domain, a Cys-rich chitin-binding domain, and a C-terminus Glnrich domain that shares sequence similarity with the large subunit of tomato 2S seed albumin. 5) Peumans et al. later reported a tomato EST clone that encoded a hypothetical protein exhibiting a chimeric nature composed of four chitin-binding domains and an extensin-like domain. 20) They concluded that the hypothetical protein (designated Lycesca) did not correspond to genuine tomato fruit lectin, but rather to a leaf homolog of the 42-kDa lectinrelated protein. Consequently, the molecular structure of the tomato fruit lectin remains unknown.
We report here the isolation and characterization of a cDNA encoding genuine tomato fruit lectin. This paper presents accurate molecular weights of tomato lectin and its deglycosylated form measured by MALDI-TOF MS. Based on these results, we resolved the molecular structure of tomato fruit lectin. The possible function of the carbohydrate moiety of tomato lectin is also discussed.
Materials and Methods
Plant materials. Tomato (Solanum lycopersicum var. cerasiforme, cv. Sun-cherry) seeds were purchased from Tokita Shubyo (Saitama, Japan). Tomato plants were grown in a greenhouse. Flowers were pollinated by hand, and tagged on the day of anthesis.
Purification of lectin and amino acid sequence analysis. Lectin was purified from the juice of red ripe tomato fruits, as described previously.
5) The proteins were measured using the BCA protein assay kit (Pierce, Rockford, IL). Reduced and S-pyridylethylated tomato lectin (1.9 mg) were hydrolyzed with protease V8 (10 mg, Sigma-Aldrich, St. Louis, MO) for 8 h at 37 C, according to a previously described method.
5)
Peptides generated by the digestion were purified by reverse-phase HPLC on a column of TSK ODS120T (4:6 mm Â 250 mm, Tosoh, Tokyo, Japan) with a gradient of acetonitrile in 0.1% TFA. 5) Limited lysylendopeptidase digestion of lectin was carried out using a previously described method. 5) Briefly, native tomato lectin (2 mg) was digested with 20 mg of lysylendopeptidase (Wako Pure Chemical, Osaka, Japan) in 1 ml of 20 mM Tris-HCl, pH 9.0, for 18 h at 37 C. After digestion, the reaction solution was applied to a 1-ml ovomucoid-sepharose 4B affinity column. The column was washed with 3 ml of phosphate buffered saline (PBS), and bound protein was eluted with 3 ml of 5% chitooligosaccharides (Seikagaku, Tokyo, Japan). The eluted fraction was concentrated by cold acetone precipitation, and then the derived peptide fragments were resolved by SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) analysis under reducing conditions. The peptides were transferred onto a Pro-blot membrane (Applied Biosystems, Foster city, CA) by electroblotting. The bands (26-kDa and 20-kDa) were cut out, subjected to S-alkylation following reduction, and then analyzed with a 477A protein sequencer (Applied Biosystems).
Deglycosylation of tomato lectin. Deglycosylation was performed as described previously. 21) Anisole (50 ml) and trifluoromethanesulfonic acid (TFMS) (100 ml) were mixed and flushed with N 2 and placed on ice. Lyophilized tomato lectin (100 mg) was dissolved in this mixture in a 2-ml Reactivial (Pierce) and flushed with N 2 . The reaction mixture was then incubated at 0 C (ice-water bath) for various time periods, as follows: 1 min, 5 min, 20 min, 1 h, 3 h, and 6 h. The reaction was stopped by neutralization with 1.25 ml of 1 M Tris base. The protein was dialyzed extensively against 50 mM ammonium bicarbonate and lyophilized. After deglycosylation for 6 h, the yield of protein was 92% of the control.
Chitin-binding assay and hemagglutination assay. Ten mg of native, deglycosylated lectin was pre-incubated in a volume of 200 ml in the presence and the absence of 5% chitooligosaccharides for 1 h at room temperature. After this, the solutions were added to 0.1 g of chitin gel, and the mixtures were incubated for 1 h with gentle inverting. After incubation, the chitin gel was removed by centrifugation, and then 80 ml of the supernatant was subjected to SDS-PAGE. Hemagglutination activity was titrated by serially diluting the sample (20 ml) with PBS and then mixing it with an equal volume of a 2% suspension of rabbit erythrocytes. Size determination by gel filtration. Native, deglycosylated tomato lectin (50 mg) was subjected to HPLC on a TSKgel G3000 SWXL column (0:75 Â 30 cm, Tosoh), and equilibrated with 50 mM sodium phosphate (pH 7.0) containing 500 mM NaCl at a flow rate of 0.5 ml/min. Molecular weight markers (Sigma kit MWGF200) were used in calibration.
Gel electrophoresis. SDS-PAGE was performed using a precast 12.5% w/v homogeneous gel (Atto, Tokyo, Japan) under reducing conditions. Proteins in the gels were stained with Coomassie brilliant blue (CBB) R-250. Carbohydrates were visualized by periodic acidSchiff (PAS) stain using a GelCode glycoprotein detection kit (Pierce).
Immunoblotting. Anti-tomato-lectin antiserum was obtained by injecting a rabbit with purified lectin from cherry-tomato fruit. 5) After SDS-PAGE, the proteins were transferred onto a nitrocellulose membrane by electroblotting. The membrane was incubated with anti-lectin antiserum at a 1:100 dilution, followed by incubation with biotinylated goat anti-rabbit antibody (Wako Pure Chemical) as the secondary antibody. After incubation with avidin-conjugated alkaline phosphatase (Vectastein ABC-AP standard kit, Vector, Burlingame, CA), immunoreactive protein was visualized with nitro blue tetrazolium and 5-bromo-4-chloro-3-indolylphospate disodium salt.
Isolation of complete cDNA of tomato lectin by RT-PCR. Total RNA was isolated from whole tomato fruits at 8 d post-anthesis using the RNeasy plant mini kit (Qiagen, Hilden, Germany). The partial amino acid sequences of tomato lectin were submitted to tBLASTn search against the tomato DNA database MiBASE (http://www.kazusa.or.jp/jsol/microtom/index. html). cDNAs were synthesized from total RNA by 3 0 -rapid amplification of cDNA ends (RACE) and 5 0 -RACE using the BD SMART RACE cDNA Amplification Kit (Clontech, Mountain View, CA) according to the manufacturer's instructions. Each PCR described below was carried out in a total volume of 20 ml with KOD FX polymerase (Toyobo, Osaka, Japan) for 35 cycles (98 C, 10 s, and 68 C, 2 min) after denaturation at 94 C for 2 min. 3 0 -RACE was conducted with a combination of primers, the universal primer A mix (Clontech) and 0.2 mM primer-1(5 0 -TCATAATGAAA-CCTTTGGCATGCCACTTTCATC-3 0 ). 5 0 -RACE was conducted with a combination of primers, the universal primer A mix and 0.2 mM primer-2 (5 0 -CAATCACTT-GACGAACAGTCCCAGAAGAGGCA-3 0 ). Finally, the full-length cDNA encoding tomato lectin was amplified using primer-3 (5 0 -GACTCATTCATTCATCCTAC-AAATAAAAATGAAGGAGACC-3 0 ) and primer-4 (5 0 -GAGGGAGAATATAGGAACCTCTTAATTTATAC-AACACTCC-3 0 ). The amplified fragments were subcloned into pT7Blue-T Vector (Novagene, San Diego, CA) and sequenced. DNA sequencing was carried out using a ABI Prism BigDye Terminator Cycle Sequencing Ready Reaction kit (Applied Biosystems) and an ABI Prism 310 DNA sequencer (Applied Biosystems).
Construction, expression, and purification of recombinant tomato lectin. For expression of recombinant lectin, the EasySelect Pichia Expression Kit (Invitrogen, Carlsbad, CA) was used. The nucleotide sequence of the tomato lectin cDNA encoding residues 1 to 330 was amplified by PCR. To facilitate cloning into P. pastoris expression vector pPICZA, the XhoI restriction site was incorporated into the sense primer, 5
0 -CTCGA-GAAAAGAGAGGCTGAAGCTATGCCACTTTCAT-CCCCACC-3 0 , whereas an XbaI site was incorporated into the antisense primer, 5
0 -TCTAGAAGCTTTCAA-TGCCGTAGGTCACATTCAT-3 0 . The amplified fragment was subcloned and sequenced. The XhoI-XbaI fragment (1,018 bp) was inserted into the same site of vector pPICZA to create expression vector pPICZ-TL. The linearized pPICZ-TL was introduced into P. pastoris GS115 (his4). Yeast transformants were grown in 150 ml of YPD medium at 30 C for 1 d in a baffle flask (150 rpm). The cell pellet was then harvested and resuspended in 100 ml of BMMY medium containing 0.5% methanol as an inducer for gene expression, and the culture was further incubated at 20 C for 4 d (150 rpm). Methanol was added to a final concentration of 0.5% every 12 h to maintain induction. The protein content of the recombinant lectin in the culture medium was determined by the immunoblotting method, excepting that horseradish peroxidase conjugated goat antirabbit IgG (GE Healthcare, Buckinghamshire, England) was used as the secondary antibody. The reactive proteins were visualized by chemiluminescence using an ECL-plus kit (GE Healthcare). The immuno reactive bands were scanned and the signal intensity was quantified by LAS1000plus (Fuji Film, Tokyo, Japan). Native tomato lectin was used as the protein standard. To confirm the chitin-binding activity of the recombinant tomato lectin, 90 ml of 4-fold concentrated culture medium was applied onto a spin column packed with chitin gel (bed volume, 100 ml). The column was incubated at 4 C for 1 h. The spin column was subsequently centrifuged and the flow-through fraction was collected. The column was washed with 500 ml of PBS, and incubated with 90 ml of 5% chitooligosaccharides at 4 C for 1 h. The eluate was collected by centrifugation. Aliquots of each fraction (5 ml) were separated by SDS-PAGE and analyzed by immunoblot. To purify the recombinant lectin from the culture medium, 80 ml of the culture medium was applied to a chitin gel column (4 ml). The column was washed with 60 ml of 1 M NaCl, and bound proteins were eluted with 10 ml of 500 mM 1,3-diaminopropane. The eluted fraction was dialyzed against water and lyophilized. The lyophilized powder was dissolved in 200 ml of water and used in the deglycosylation reaction by TFMS.
Results

Tomato lectin as a highly glycosylated chimeric protein
Tomato lectin is a hydroxyproline-rich glycoprotein, 50% of its mass consisting of carbohydrate.
1) The accurate size of the protein moiety of tomato lectin is essential information in cDNA cloning. Tomato lectin was deglycosylated by trifluoromethanesulphonic acid (TFMS) treatment. As Fig. 1A shows, TFMS treatment of tomato lectin resulted in decreases in the molecular weight of the protein band, in proportion to lengthening periods of treatment. Elimination of carbohydrate from the lectin was confirmed by a loss of reactivity with PAS reagent (Fig. 1B) . The protein band was not stained with PAS reagent when tomato lectin was treated with TFMS for 6 h, indicating that essentially all of the carbohydrates were removed. Therefore a 6-h reaction time was used in further experiments to prepare deglycosylated lectin. The M r of tomato lectin was estimated to be 93,600, and that of the deglycosylated lectin was estimated to be 65,600 by SDS-PAGE using 12.5% polyacrylamide gel (Fig. 1A) . Using MALDI-TOF MS, the native lectin gave a broad peak with an average M r of 65,634 ( Fig. 2A common tomato fruit (71,000) as determined by sedimentation equilibrium centrifugation.
1) The deglycosylated lectin gave a single sharp peak, and had an estimated molecular weight of 32,948 (Fig. 2B) . Based on these results, the percentage of carbohydrate in the lectin was calculated to be 49.8%. The molecular weight of the native lectin was estimated by gel filtration using a TSK-gel G3000SWXL column (Fig. 3A) . The lectin activity eluted in a single peak corresponding to the protein peak. When the deglycosylated lectin was applied to the same column, the activity was eluted later than the native lectin (Fig. 3B) . The apparent M r of the native tomato lectin was estimated to be 64,600, while the apparent M r of the deglycosylated lectin was estimated to be 40,800. These results indicate that the tomato lectin existed as a monomer.
The influence of TFMS treatment on the activity of tomato lectin was analyzed. TFMS treatment caused a loss in hemagglutinating activity within 1 min ( Table 1) . The residual activity decreased with longer incubation times. When tomato lectin was treated with TFMS for 6 h, the hemagglutinating activity of the deglycosylated lectin was 14% of the untreated lectin. Although a loss of hemagglutinating activity was observed, partially (1 min of treatment) and fully (6 h of treatment) deglycosylated lectin both bound to chitin gel as well as native lectin (Fig. 4A-C, lane 2) . The binding of native and TFMS-treated tomato lectin to chitin gel was inhibited by chitooligosaccharides ( Fig. 4A-C, lane 3) , indicating specific binding of the lectins to the chitin gel.
An N-terminal sequence of six residues for the electroblotted native tomato lectin gave an identical sequence, as reported previously: 5) Met-Pro-Leu-SerSer-Hyp. Additional sequence analysis was conducted. Naito et al. have reported that two fragments, designated 26-kDa and 20-kDa, were generated by limited proteol- ysis of native lectin using lysylendopeptidase. 5) Both fragments were retained on the ovomucoid-sepharose 4B column and were eluted by the hapten sugar, indicating that the fragments were derived from the sugar-binding site (Fig. 5A) . The two fragments shared the same sequence through 15 residues (Fig. 5B) . Additionally, by analysis of the peptide derived from V8 protease digestion of the tomato lectin, the sequence of peptide A4 was determined to be NH 2 -SYCAPQNCQSQCP.
cDNA cloning and molecular structure of tomato lectin
As a result of a tBLASTn search using the partial sequences obtained, independent partial-length cDNAs FA03CH05 (Genbank accession no. BP876111, 274 bp) and FB03DB07 (Genbank accession no. BP890519, 481 bp), were discovered as candidates for the lectin gene. On the basis of these sequences primers were designed, and RACE was conducted. The cDNA library was synthesized from total RNA isolated from immature tomato fruits at 8 d post-anthesis, because lectin activity increases until day 10 after flowering. 5) Using the 5 0 -end of 5 0 -RACE and the 3 0 -end of 3 0 -RACE as PCR primers, the full-length cDNA clone of tomato lectin was obtained. The sequence (AB360604) contained a putative entire open reading frame of 1,095 bp, and encoded a 365 amino acid sequence, as deduced from the cDNA nucleotide sequence (Fig. 6) . The sequence FA03CH05 and FB03DB07 corresponded to nucleotides 28-301 and 797-1277 respectively, but T 273 was substituted for A in the FA03CH05 sequence. PCR experiments against tomato genomic DNA indicated the absence of introns in the corresponding region between primer-3 and primer-4 (data not shown). The determined N-terminal amino acid sequence for the purified tomato lectin began at Met 1 of the deduced sequence (Fig. 6) , whereas the first 23 amino acid residues were predicted to be the Nterminal signal sequence with the SignalP 3.0 program 22) at a probability of 92%. Proteolytic removal of an N-terminal propeptide may have occurred. The partial amino acid sequences determined for purified tomato lectin were identical to those deduced from the cDNA sequence (Fig. 6) , confirming that this cDNA encoded the tomato lectin. The calculated molecular weight of tomato lectin without the 35 N-terminal amino acids was 33,840, 892 larger than the molecular weight of deglycosylated tomato lectin as determined by MALDI-TOF MS. This discrepancy between the estimated and calculated molecular weights can be attributed to C-terminal processing. Amino acid analysis showed that 45.6% of the tomato lectin proline residues were hydroxylated. 5) A common structural feature among chitin-binding lectins 9) is that all 32 Cys-residues the containing four chitin-binding domains the participate in disulphide bond formation. Taking into account these post-translational modifications, the M r of the polypeptide from residues 1 to 315 was calculated to be 32,938, in good agreement with the M r of deglycosylated tomato lectin (32, 948) as measured by MALDI-TOF MS. Although the deduced tomato lectin contained one putative N-glycosylation site (Asn 322 ), it was not stained by concanavaline A (data not shown), suggesting that C-terminal processing might occur before amino acid residues 322.
Domain construction of tomato lectin
According to the deduced amino acid sequence, tomato lectin consists of three distinct domains (Fig. 7A) : an N-terminal extensin-like domain (residues 1-18), a Cys-rich carbohydrate binding domain comprising four chitin-binding domains (residues 19-57, 159-197, 215-253, and 271-309, referred to as CBD1 to 4 respectively), and an internal extensin-like domain (residues 58-158). CBD2, -3, and -4 are connected to each other via a 17 amino acid Pro-rich linker sequence (Fig. 7A) . The extensin-like domains comprised repetitive Ser-Pro 1-4 motifs. Five larger motifs consisting of 12 amino acids, Ser-Pro 4 -Ser-Pro-Ser-Pro 4 , were found in the internal extensin-like domain. They are homologous to the common motif of the tomato P3 extensin, Ser-Hyp 4 -Ser-Hyp-Ser-Hyp 4 .
23) It is known that hydroxyproline residues in extensins are glycosylated with one to four arabinosyl residues, and that some of the serine residues are glycosylated with a single galactose unit. 15, 23) These observations suggest that both extensin-like domains on tomato lectin undergo prolylhydroxylation and subsequent glycosylation. The protein motif analysis program Pfam (http://www.sanger.ac.uk/ Software/Pfam) indicated that the tomato lectin contained four conserved, putative chitin-binding domains (CBDs) consisting of 39 residues. Figure 7B shows the identical sequence shared by CBD2, -3, and -4. Between CBD1 and the other CBDs, 37 out of 39 residues were identical. The CBDs of tomato lectin shared similarities to those of chitin-binding proteins from plants. As shown in Fig. 6B , CBD2 of tomato lectin was homologous to the chitin-binding domain of class-I basic chitinase 24) (56% identity), putative tomato leaf lectin (Lycesca) 20) (66% identity), potato tuber lectin 25) (69% identity), Urtica dioica agglutinin (UDA) 16 ) (55% identity), and wheat germ agglutinin (WGA) 17) (35% identity). Although the similarities among these chitinbinding domains were not high, the orientation of the eight Cys residues was conserved. Furthermore, the posi- tions of one serine residue and three aromatic residues (Fig. 6B, arrowheads) involved in sugar-binding 26, 27) were found to be conserved among CBD2, 3, and 4 of tomato lectin (Fig. 7B) . Of the three conserved aromatic residues, the third tyrosine residue was replaced with Phe 47 in CBD1 of tomato lectin, a result of a single nucleotide substitution at nucleotide 273. The phenolic hydroxyl group of Tyr 30 of UDA forms a hydrogen bond with O3 hydroxyl groups of the sugar ligand.
27) The replacement of CBD1 of tomato lectin might affect its affinity for the ligand sugar.
Expression of tomato lectin in yeast
To determine the isolated cDNA actually encoded lectin, soluble recombinant tomato lectin was produced using a Pichia pastoris expression system. A Pichia strain bearing the tomato lectin gene encoding 330 amino acid residues (Met 1 to Phe 330 ) secreted a protein that reacted with anti-tomato lectin antiserum after methanol induction (lane 3 in Fig. 8A and B) . The culture fluid was estimated to contain 1.8 mg of tomato lectin per liter. The chitin-binding activity of the recombinant lectin was tested. While a fraction of the recombinant lectin was retained on the chitin gel column and eluted with chitooligosaccharides, a majority of the recombinant lectins was released in the flow-through fraction (Fig. 8C, lanes 2 and 3) . The culture media and the eluted fraction from the chitin gel column were assayed for hemagglutinating activity, but no activity was reported. These results indicate that the recombinant tomato lectin possessed sugar-binding activity but lacked multivalent binding potency. The partially purified recombinant tomato lectin was treated with TFMS, resolved by SDS-PAGE, and immunoblotted. The expression products became smaller, but showed the same apparent M r as the deglycosylated tomato lectin (Fig. 8D) . This indicates that the recombinant tomato lectin was glycosylated. The recombinant tomato lectin possessed one N-glycosylation site (Asn 322 ). In addition, Ser or Thr residues of the internal extensin-like domain of recombinant lectin might be glycosylated with yeast O-glycans.
Discussion
We isolated a cDNA encoding a novel protein containing chitin-binding motifs from a cherry-tomato immature fruit cDNA library. The cDNA was identified as the tomato fruit lectin gene, because (i) the deduced amino acid sequence included N-terminal and internal sequences of purified tomato fruit lectin, (ii) taking account of post-translational modifications, the calculated molecular weight agreed well with the actual M r of deglycosylated tomato lectin as measured by MALDI-TOF, and (iii) the recombinant protein produced by yeast showed cross-reactivity against anti-tomato lectin anti-serum and possessed chitin-binding activity.
Based on the partial sequence and amino acid analysis in a previous report, Naito et al. proposed a molecular model of tomato lectin comprising three unrelated domains: an N-terminal Hyp-rich extensin-like domain, a Cys-rich chitin-binding domain, and a C-terminus Gln-rich domain that shares sequence-similarity with the large subunit of the tomato 2S seed albumin. 5) But, the deduced sequence of the tomato lectin obtained from the present study revealed that tomato lectin lacks a Gln-rich domain. This deduced sequence is sufficient to produce the M r of tomato lectin despite the absence of a Gln-rich domain. Additionally, no significant DNA fragments were identified by genomic PCR experiments using primers designed from the DNA sequence of tomato 2S seed albumin and tomato lectin (data not shown). On the basis of the deduced sequence from tomato lectin cDNA, we must therefore revise the previously proposed model of tomato lectin.
In this study, TFMS treatment was applied successfully to the deglycosylation of tomato lectin. Deglycosylation with TFMS has been used extensively to remove carbohydrates from glycoproteins, leaving the protein backbone intact. 28) It has been reported that potato tuber lectin retained hemagglutinating activity almost equivalent to that of the native lectin upon removal of carbohydrate by TFMS treatment for 3 h at 0 C. 29) Unlike potato tuber lectin, the present study indicates that the deglycosylation of tomato lectin with TFMS caused a loss in hemagglutinating activity. This observation was first described by Kilpatrick et al. They reported that the specific activity of deglycosylated tomato lectin was 4.1% of that of native lectin. 18) In addition, our results indicated that the deglycosylated tomato lectin possessed chitin-binding activity (Fig. 4) . One possible explanation is that deglycosylated lectin still possesses monovalent binding activity in spite of loss of multivalent activity. It appeares likely that glycosylation of the protein moiety is essential to multivalent activity. Regarding the similarity with extensin, the internal extensin-like domain of tomato lectin is thought to be highly glycosylated. It has been demonstrated that glycosylation of the protein moiety of plant extensins is essential to maintain the elongated rod-like structure. 30, 31) On the other hand, the recombinant tomato lectin produced by yeast did not show hemagglutinating activity, but possessed chitinbinding activity in part. Although the recombinant tomato lectin was glycosylated, the sites of glycosylation and the structure of glycans are thought to be different from those of native tomato lectin. Since Pichia pastoris has no prolyl 4-hydroxylase, 32) we suggest that Ser or Thr residues of the internal extensin-like domain of recombinant lectin are glycosylated mainly by yeast O-glycans (1-2Man 1-4 ). 33) Together with the results for the chemical deglycosylation of tomato lectin, it appears that proper modifications, such as prolyl hydroxylation and subsequent arabinosylation of tomato lectin, are important to hemagglutinating activity.
The determined M r of native and deglycosylated tomato lectin were close to those of potato tuber lectin, as determined by MALDI-TOF MS (native lectin, 65,500; deglycosylated lectin, 31,250).
14) It has been demonstrated that lectins from tomato fruit and potato tuber are structurally similar: they are chimeric proteins comprised of at least two domains, a Cys-rich chitin-binding domain and a Hyp-rich extensin-like domain. 13, 14) According to the amino acid sequence deduced from its cDNA, 24) the mature potato tuber lectin (301 residues) contained four chitin-binding domains of 43-44 residues and one extensin-like domain of 61 residues. A multiple alignment of amino acid sequences of tomato fruit lectin and potato tuber lectin revealed that they shared 49% identity. Although tomato and potato lectins are composed of common building blocks, the arrangements of the domains are quite distinct from each other. Unlike the molecular model of tomato lectin (Fig. 7A) , potato lectin exhibits a symmetrical shape because the long extensin-like domain is inserted between the second and third chitin-binding domains. 25) On the other hand, mature WGA polypeptide consists of four tandem-arrayed homologous chitin-binding domains without extensin-like domains. 17) Although tomato lectin, potato tuber lectin, and WGA contain four chitin-binding domains per protomer, their sugar chain-binding specificities are different. 34) Lectin-blot analysis using glycoproteins has indicated that tomato lectin and potato tuber lectin are distinguished from WGA based on a preference for the chitobiose core structure in high mannose-type N-glycans.
12) The relationships between sugar-chain binding specificities and the arrangements of chitin-binding domains are interesting.
Peumans et al. found a tomato EST clone encoding the putative protein that matches the chimeric nature of Solanaceae lectin, and named the hypothetical protein ''Lycesca. '' 20) The deduced Lycesca sequence of 254 amino acid residues consists of two modules of twin chitin-binding domains interspersed with a short prolinerich spacer containing a single extensin repetitive motif of 15 residues. According to modeling studies, Lycesca is thought to be a multivalent chitin-binding lectin. As shown in Fig. 7B , the chitin-binding domains from tomato lectin and Lycesca shared similarity, but the overall structures and domain constructions for the two proteins are different. The amino acid sequence of tomato fruit lectin showed 44% identity with that of Lycesca. Since the Lycesca protein has not yet been identified in tomato, further studies are needed to determine the relationships between Lycesca and tomato lectin.
